Papovavirus-based shuttle vectors containing the bacterial lacI gene were used to show that a mutation frequency in the range of 1% occurs in lacI when such vectors are transfected into COS7 and CV-1 simian cells, NIH 3T3, 3T6, L, and C127 mouse cells, and human 293 and HeLa cells. This frequency is approximately four orders of magnitude higher than the spontaneous mutation frequency in either mammalian or bacterial cells. The mutations are predominantly base substitutions and deletions and also include insertions from the mammalian genome. Time course experiments argue that mutagenesis occurs soon after arrival of the DNA into the nucleus. However, replication of the vector is not required since mutations occur even when the vector lacks all viral sequences. The high mutation frequency appears to be the characteristic outcome of transfection of DNA into mammalian cells.
Papovavirus-based shuttle vectors containing the bacterial lacI gene were used to show that a mutation frequency in the range of 1% occurs in lacI when such vectors are transfected into COS7 and CV-1 simian cells, NIH 3T3, 3T6, L, and C127 mouse cells, and human 293 and HeLa cells. This frequency is approximately four orders of magnitude higher than the spontaneous mutation frequency in either mammalian or bacterial cells. The mutations are predominantly base substitutions and deletions and also include insertions from the mammalian genome. Time course experiments argue that mutagenesis occurs soon after arrival of the DNA into the nucleus. However, replication of the vector is not required since mutations occur even when the vector lacks all viral sequences. The high mutation frequency appears to be the characteristic outcome of transfection of DNA into mammalian cells.
Mammalian cells in culture readily take up DNA. Only a small portion of this transfected DNA reaches the nucleus, and yet a smaller fraction is stably incorporated into the chromosomes in a situation permitting its expression. Although the transfection process is poorly understood, transfection of DNA has become a tool of pivotal importance in the study of the molecular biology of mammalian cells. Application of the technique has facilitated study of topics such as the expression of manipulated genes and the identification of sequences with oncogenic potential. We have sought to use DNA transfection to study mutation in mammalian cells by incorporating an easily scored marker on a transfected vector. Previously, the lacd gene of Escherichia coli was used as the mutational target on simian virus 40 (SV40)-based vectors that could replicate in both COS7 simian cells and bacteria. We found that, after transfection by the DEAE-dextran technique and 2-day passage in COS7 cells, 1% of the plasmids rescued to E. coli contained mutations in lacI (3) . A similar mutation frequency was detected in related vectors, using the galK marker (29) . This strikingly high mutation frequency and the facility of the lacI system for detailed analysis of the mutations have led us to extend this approach by using different vectors and cell lines, to characterize further the mutational fate of transfected DNA.
In this study, a series of vectors was introduced into a variety of mammalian cell lines to establish the generality of the high mutation frequency. A description of the host DNA that has in some cases become joined to the vectors is also included. The kinetics of mutagenesis were examined by performing time course experiments. To determine whether replication is required for mutagenesis, we introduced molecules lacking a viral origin of replication.
Our observations argue that all transfected DNA, with or without any viral DNA, appears extremely susceptible to mutagenesis in mammalian cells. These findings are compatible with studies that indicate that cotransfected DNA species can become covalently joined, both by homologous recombination and by blunt-end ligation, and may suffer rearrangement (36, 38, 40) . Studies of SV40 virus in serial passage (15) and upon integration (2) also reveal rearrange-* Corresponding author. ments of the input DNA. The sensitivity of the lacd detection system has allowed us to extend this work considerably and to conclude that base substitutions are occurring in the transfected DNA at rates comparable to those of rearrangements. A general picture emerges of a sizable mutagenic effect upon transfection that is probably ubiquitous among mammalian cells. We consider how incoming DNA could be singled out for mutagenesis, as well as the enzymatic activities in the nucleus that could give rise to this phenomenon. We also discuss the practical and biological implications of the high mutation frequency of transfected DNA.
MATERIALS AND METHODS
Plasmid constructions. The construction of pSVi2 and pSVi4 has been described (3). To produce the remaining vectors, the 1.7-kilobase (kb) EcoRI fragment from pMC9 (3) was ligated to complete EcoRI digests of pMLRIIGAH3 and pSV2gpt and partial EcoRI digests of pJYM, pSV5gpt, and pBRBK100. The ligation mixtures were transformed into CSH35, and red colonies on MacConkey lactose plates, indicating presence of a lac operator on the plasmid, were picked (see reference 25) . The desired constructions were found among these candidates by examining their restriction patterns. Plasmids were moved to HB101 and purified after chloramphenicol amplification, using a scale up of the alkaline procedure (1) followed by centrifugation through ethidium bromide-cesium chloride gradients.
Detection of 1 mutants. Plasmid DNA was extracted from mammalian cells by the Hirt (13) procedure. As noted in the text, the extracted DNA was frequently treated with DpnI (Boehringer Mannheim). To ensure good recovery of colonies after DpnI treatment, the digests were brought to 100 mM EDTA, extracted with phenol-chloroform-isoamyl alcohol and ether, and ethanol precipitated. The DNA was transformed into MC1061 F'150 kan (see reference 3). In this background plasmids containing wild-type lacI will give rise to white colonies on medium containing 5-bromo-4-chloro-3indolyl-3-D-galactoside, whereas plasmids containing an Imutation will give rise to blue colonies. Thus, the proportion of blue to 'white colonies is a measure of the frequency of Imutants in the plasmid population extracted from the mammalian cells. Plasmids from bacterial colonies were purified by the alkaline procedure (1) .
Transfections. Mammalian cells were grown in Dulbecco modified Eagle minimum essential medium supplemented with 10% fetal calf serum. Cells were plated on 60or 90-mm dishes the day before transfection such that they were approximately 60% confluent at the time of transfection. Transfection was done by the DEAE-dextran procedure (23) , using 20 to 100 ng of plasmid DNA per 60-mm plate. Calcium phosphate-mediated transfection was done according to reference 37 with 1 to 5 ,ug of plasmid DNA per plate without carrier DNA, except that the coprecipitates were left on the cells overnight. Hybridizations. Genomic DNA was isolated as described by Shih and Weinberg (31) except that lysis was carried out at 56°C and a DNA spooling step (22) was added before phenol extraction. Samples of 9 ,ug of genomic DNA were digested with EcoRI (Boehringer Mannheim), electrophoresed on 0.8% agarose gels, and transferred to Gene Screen Plus (New England Nuclear) according to the protocol provided by the supplier. The transfers were probed with plasmid DNA labeled with 32P by nick translation. Hybridization was performed according to the New England Nuclear protocol, except that 65°C was used and the hybridization buffer consisted of 6x SSC (SSC = 0.15 M NaCl plus 0.015 M sodium citrate), 1% sodium dodecyl sulfate, 5 x Denhardt solution, 200 jig of yeast RNA per ml, 100 ,ug of denatured salmon sperm DNA per ml, and 107 cpm of probe (10 to 50 ng; specific activity, .2 x 108). Washing was done under high-stringency conditions according to the New England Nuclear protocol at 65°C. Hybridized filters were wrapped in Saran Wrap and exposed to Kodak XAR-5 film for 1 to 3 days.
RESULTS Simian cells. To study mutagenesis in simian cells, we have used a transient replication protocol that involves placing the lacI gene of E. coli on vectors that contain the SV40 origin of replication. The vectors also carry the origin of replication of the bacterial plasmid pBR322 and its ampicillin resistance gene. In most of the experiments the plasmids were introduced into COS7 simian cells by the DEAEdextran technique (for calcium phosphate coprecipitation, see below). The vectors can replicate in these cells because they contain an SV40 origin, and T antigen is provided constitutively from an SV40 provirus with a defective origin of replication (9) . The plasmids were allowed to replicate in the mammalian cells for 48 h, extracted by the Hirt (13) procedure, and returned to E. coli where mutations in lacI were scored as blue colonies on plates containing 5-bromo-4chloro-3-indolyl-,-D-galactoside.
The plasmids tested in COS7 cells are shown in Fig. 1 . We reported lacI mutation frequencies of 0.95 and 2.6% for pSVi2 and pSVi4, respectively (3; and extended here). The difference in mutation frequency between the two plasmids, which have the same composition but a different arrangement, is based on the larger nonselected target size for deletions in pSVi4 (see reference 3). The nature of the mutations was determined by preparing plasmid DNA from a large number of I-mutants and digesting it with EcoRI. The size of the lacI fragment in the mutant was compared with the 1.7-kb wild-type version. Each mutant was classified as a putative point mutation if the fragment did not differ from wild type, as a deletion if the fragment was shorter, or as an insertion or duplication if it was longer than wild type. The numbers and percentages of mutations falling into each of these categories are shown in Table 1 . For pSVi2, where lacI is flanked by selected or screened regions, point mutations make up 57% of the 1events, whereas for pSVi4 deletions predominate (81%) since large deletions can be tolerated.
We have shown previously (3) that the mutations are a product of the plasmids' passage in the mammalian cell.
These studies (3) also showed that lacI itself was not responsible for the high mutation frequency, since the parent plasmid without lacI, pML-RIIG-ChTK ( Fig. 1A) , has a frequency of rearrangement similar to that of pSVi2 and pSVi4. When randomly chosen white colonies were examined, the rearrangement frequency for the plasmid as a whole was in the range of 10% for each of these vectors. In contrast, a related plasmid, pJYM, containing all of SV40 and lacking the chicken thymidine kinase gene has a 10-fold lower rearrangement rate (3) . We therefore asked if specific sequences other than lacI could be affecting the rearrangement frequency of the vectors by examining the mutation frequency of a series of SV40-based vectors. The 1.7-kb EcoRI lacI fragment was added to pJYM in both orientations, producing pJYMia and pJYMib (Fig. 1B ). The Hindll fragment containing the chicken thymidine kinase gene was removed from pML-RIIG-ChTK and lacI was added, to yield pAH3ia and p/H3ib (Fig. 1C ). lacI was also added to the widely used vector pSV2gpt (27) , producing pSV2gptia and pSV2gptib (Fig. 1D ). The resulting mutation frequencies and the nature of the mutations are shown in Table 1 . The mutation frequencies range from 0.3 to 2.5% and generally correlate with the amount of DNA contiguous with lacI that can be deleted and still give a surviving 1-plasmid that would be scored in our detection system.
To determine whether special features of the COS7 cell line were responsible for the mutagenic effect, pJYMia and pJYMib were also transfected into CV-1 simian cells, which is the line from which COS7 was derived by SV40 transformation. pJYM derivatives can replicate in CV-1 cells since these vectors produce their own T antigen. The frequency and nature of the mutations obtained in CV-1 cells closely resemble that observed in COS7 (Table 1) . We also compared the effect of using calcium phosphate coprecipitation instead of DEAE-dextran as the method of DNA introduction. In these experiments, larger amounts of DNA were used, generally 1 to 5 ,ug per plate, without carrier DNA, compared to 20 ng for the DEAE-dextran experiments. The amount of residual nonreplicated input DNA that persists throughout the experiment is not significant when 20 ng of DNA is transfected. However, the amount of nonreplicated input DNA is large when several micrograms of DNA are introduced. Therefore, when plasmid DNA was extracted from the calcium phosphate-treated cells after replication, the DNA was treated with DpnI to destroy residual input DNA. This restriction enzyme recognizes the sequence GATC only when the adenine residue is methylated (16) . This modification is made in bacterial but not mammalian cells. Therefore, treatment with DpnI will leave intact only the DNA that replicated in mammalian cells (28) . To monitor the completeness of DpnI digestion, the following control was included for each set of samples treated with DpnI. Bacterially grown plasmid DNA was added to a Hirt extract prepared from mock-transfected cells. This sample was digested with DpnI in parallel with the samples containing replicated DNA. Tranformation of the control sample into E. coli resulted in few or no bacterial colonies. We found that the mutation frequency and the nature of the mutations detected are similar whether the DNA is introduced with calcium phosphate or DEAE-dextran (data not shown).
Mouse and human cells. To learn whether the high mutation frequency could be generalized to other species and tissue types or was confined to monkey kidney cells, we tested vectors that would replicate in mouse and human cells. lacI was added to pSV5gpt (27) , producing pPyia and pPyib ( Fig. 2a ). These plasmids contain the early region from polyoma virus and can replicate in mouse cells. One or both of these vectors were transfected into mouse L, NIH 3T3, 3T6, and C127 cells and into BHK-21 Syrian hamster cells, where the vectors also replicate. Transfection of 3T3 and 3T6 cells was done with DEAE-dextran, whereas the calcium phosphate technique was used to transfect the BHK cells. Both methods were used to introduce DNA into C127 and L cells. Replication was allowed to proceed for 2 to 6 days before the plasmid DNA was harvested by the Hirt procedure. In all cases, the extracted DNA was treated with DpnI to eliminate input DNA. The completeness of DpnI digestion was verified as described above. The frequency of l-mutations in the plasmid pools extracted from mouse cells is shown in Table 2 , as well as the nature of the I-mutations.
The study was extended to human cells, using the SV40based vectors pJYMia and pJYMib ( Fig. 1B ) and the BKbased vectors pBKia and pBKib ( Fig. 2B ). We anticipated that the pJYMi vectors would replicate in human cells since human cells are semipermissive for SV40 replication and the vectors code their own T antigen. BK is a human papovavirus closely related to SV40 and has been reported to replicate in a number of human cell lines (35) . Neither a The numbers for each plasmid represent pooling of at least several independent dishes of cells in this and the following tables. Cells were transfected by the DEAE-dextran method with 20 ng of DNA. The number examined in this and the following tables refers to the number of 1-colonies for which plasmid DNA was prepared and digested with EcoRI to determine the nature of the mutation.
formed derivative of human embryonic kidney cells. Apparently the adenovirus 5-transforming functions or other aspects of 293 permit replication of the vectors, a phenomenon we are investigating. The pJYMi vectors also replicated at moderate levels in HeLa cells, a human epithelial cervical carcinoma line. Plasmid DNA was introduced into human cells with the calcium phosphate technique and allowed to replicate for several days. The Hirt extracts were treated with DpnI to eliminate input DNA. Table 3 shows the Ifrequencies for the recovered plasmids and the nature of the I-mutations.
Kinetics of mutagenesis. Time course experiments were undertaken to determine when mutagenesis occurs and whether the mutation frequency is established immediately or increases throughout the replication period. To detect changes in mutation frequency with the greatest sensitivity, we used pSVi4 for these experiments. It has the highest mutation frequency, 2.5%. Twelve 60-mm plates of COS7 cells were transfected with 50 ng of pSVi4 DNA, using the DEAE-dextran technique. The plates were harvested at intervals of 0 to 53 h and plasmid DNA was extracted. Half of the sample was treated with DpnI to remove input DNA before being returned to E. coli. The other half was not DpnI treated and thus contains both input and replicated plasmid DNA. DpnI-resistant colonies were absent at 0, 6, and 9 h and first appeared at 20 h (43 colonies). The (7) a Transfections were done with DEAE-dextran or calcium phosphate, as noted in the text. Mutations were classified as rearrangements if the lacl EcoRI fragment was other than wild type in size. b Additional I-colonies were obtained from experiments in which the 1frequency was not determined. appeared as one of 60 colonies at 25 h. Thereafter, the colony number generally increased with time, reaching over 3,000 at 53 h. However, the I-frequency did not increase with time, but rather varied from plate to plate with a range of 1.0 to 3.7% (mean, ca. 2.6%). Thus, the data do not substantiate a progressive increase in mutation frequency incurred through replication. The results are consistent with the mutation frequency being achieved early, without significant alteration during the entire replication period. Without DpnI treatment, I-mutations also first appear at 25 h, even though over 4,000 colonies were observed before this time. The DpnI-treated time course indicates that detectable plasmid replication begins 20 to 25 h after transfection. Because replication of the vectors is presumably confined to the nucleus, we infer that the molecules are in the nucleus at 20 to 25 h. Since I-mutations first appear at 25 h, the molecules are evidently in the nucleus when detectable mutagenesis occurs. Time course experiments cannot eliminate the argument that DNA damage occurs before arrival in the nucleus and that this damage can only be processed to a form recoverable as mutations in the nucleus.
Time course experiments with pSVi4 were repeated twice, using 100 ng of DNA per plate, and analyzed with and without DpnI treatment. Similar experiments were also performed with the pSVi2 vector, using either calcium phosphate or DEAE-dextran as the mode of DNA introduction, and analyzed with and without DpnI treatment. In all of these cases, replication of the vectors as signalled by the appearance of DpnI-resistant colonies commenced at approximately 20 to 30 h after transfection. The first Imutations appeared during the same period. In no case did the advent of 1 mutations precede the start of the replication period. Similarly, in no case did the DpnI-treated samples show an increase in mutation frequency with time. Instead they varied randomly about a mean value typical for the vector used. Over 200 I-mutations gathered throughout the time courses were examined to determine the nature of the mutations. Both point mutations and rearrangements were found throughout the period in which lmutations were detected.
A nonreplicating vector. Having determined that mutagenesis occurs at about the time that replication of the vectors commences in the mammalian cell, it was pertinent to inquire whether replication itself generates the mutations or whether the nuclear environment alone is sufficient to produce mutations. By eliminating the EcoRI fragment containing the SV40 origin of replication from pSVi4, we created a molecule, pSVi ori-, which lacks a eucaryotic origin of replication. We verified that this plasmid cannot replicate in mammalian cells (see below). pSVi oriis similar to pSVi4 in that Imutations can be generated by a point mutation or rearrangement within lacI or by a deletion extending from lacI into the neighboring nonselected chicken thymidine kinase gene. Its mutation frequency might thus be expected to be similar to that of pSVi4 at 2.5%.
Eight plates of COS7 cells were transfected with 100 ng of pSVi ori-DNA, using the DEAE-dextran method. The plates were harvested at approximately 6-h intervals from 6 to 48 h. The extracted DNA was not treated with DpnI since, lacking the ability to replicate in mammalian cells, all of the DNA remains sensitive to DpnI. Mutations were absent at the 6-, 12-, 18-, and 24-h time points, but appeared at 29 h a A 100-ng amount of pSVi ori-DNA per 60-mm dish was transfected by the DEAE-dextran method. The totals represent pooling of data obtained at several time points within the range given, including dishes from which no i-mutants were obtained. and later. Therefore, the nonreplicating plasmid is mutated, and mutagenesis follows a time course paralleling that obtained with the replicating vectors. Since a replicating plasmid yields DpnI-resistant colonies at 29 h and can therefore be assumed to be in the nucleus at this time, we infer that the nonreplicating plasmid is also located in the nucleus by 29 h. This observation suggests that mutation again occurs in the nucleus, but replication per se is not required.
Transfection of pSVi ori-into COS7 cells was repeated twice in the same manner, focusing on time points between 24 and 33 h. These data are summarized in Table 4 . The Ifrequency for pSVi ori-in COS7 was 0.04%. The 60-fold discrepancy between this frequency and the 2.5% frequency for pSVi4 can be largely or completely accounted for if the frequency is being artificially depressed by large amounts of input DNA, most of which is not in the nucleus and therefore not subject to mutation. The amount of residual input DNA present at a given time is dependent on the amount of DNA originally transfected. We can demonstrate that, when 100 ng of DNA is used, a substantial amount of input DNA remains at 22 h. By using pSVi4, the relative fractions of input versus replicated DNA can be determined by assaying the sample with and without DpnI. The numbers of colonies present, as well as the percentage of 1colonies, was examined at early times when 100 ng of pSVi4 was transfected in the same manner as pSVi ori-. At 22 h, the pSVi4 sample not treated with DpnI yielded 1,412 colonies, whereas the DpnI-treated pSVi4 sample gave only 86 colonies. Therefore, >90% of the DNA present at 22 h is input. This fraction drops progressively over time for pSVi4 as replicated plasmid accumulates. However, for pSVi orithe high fraction of input would remain. The mutation frequency of the pSVI4 22-h sample not treated with DpnI is only 0.28% (4 of 1,412), reflecting the high fraction of input DNA. The frequency rises to approximately 2.5% as the proportion of replicating DNA, with its I molecules, increases. The Ifrequency of 0.28% for pSVi4 at 22 h is comparable to the value obtained for pSVi ori-, 0.04%. The higher value for pSVi4 probably reflects the fact that the plasmid was already replicating by 22 h, as evidenced by the presence of colonies from DpnI-resistant DNA. Such colonies actually were detected as early as 17 h in this experiment.
Since the mutation frequency of pSVi oriin COS7 cells is low, it was important to verify that we were not merely detecting the spontaneous mutation frequency of the plasmid in E. coli. Therefore, pSVi ori-DNA was extracted from COS7 cells immediately after transfection and returned to E. coli. The mutation frequency was determined to be 0.00062% (6 of 958,800) or 6.2 x 10-6. This frequency is similar to the spontaneous mutation rate reported for lacI carried on an F' lac pro episome of 2.5 x 10-6 (26) . The mutation frequency we detected for pSVi ori-in COS7 cells is more than 50-fold higher than the spontaneous background and can be safely ascribed to alterations requiring the mammalian cells. To rule out involvement of T-antigen in mutagenesis, we introduced pSVi ori-, which contains no viral information, into CV-1 simian cells and NIH 3T3 mouse cells which contain no papovaviral sequences. Since the mutation frequency for pSVi oriin CV-1 and NIH 3T3 is similar to the frequency measured in COS7 cells (Table 4) , the mutagenesis cannot be attributed to the presence of viral T antigen.
pSVi orihas no viral replication. To verify that it indeed lacks the ability to replicate in mammalian cells, samples of the DNA extracted from CV-1 and NIH 3T3 cells were divided into three portions. Each portion was treated with DpnI, MboI, or no enzyme and was transformed into E. coli. MboI represents the converse of DpnI in that it can cut GATC sequences only if the adenine is not methylated (8) . Therefore, only DNA that did replicate in the mammalian cell will be sensitive to MboI, whereas these same molecules would be resistant to DpnI. The pSVi oriextracts were completely sensitive to DpnI, indicating that they did not replicate in the mammalian cells. The extracts were resistant to MboI, and these MboI-treated extracts yielded icolonies. Thus, pSVi ori-DNA retained its bacterial modification pattern and several of these nonreplicated molecules acquired mutations. The mutations that arose in pSVi oriwere examined, as reported in Table 4 . Both point mutations and rearrangements were detected.
Insertions. We wished to characterize the DNA insertions in more detail, particularly to address the possibility that some of the insertions might represent mammalian transposable elements. A collection of eight I-mutations that produced a net increase in the size of the plasmid (Fig. 3) and were not duplications were examined further by restriction and hybridization analysis. The mutations occurred in pSVi2 and pJYMib during their replication in COS7 cells and were therefore expected to contain simian DNA. Accordingly, each plasmid was labeled by nick translation and hybridized to a filter containing genomic DNA from COS7 cells digested with EcoRI ( Fig. 4 ) and also to filters containing DNA derived from E. coli MC1061. All of the plasmids showed hybridization to COS7 DNA and none to E. coli DNA. Nicktranslated parental pSVi2 or pJYMib was hybridized to EcoRI-digested COS7 DNA in parallel with each hybridization of insert-containing plasmids. No hybridization of the parental plasmids to COS7 DNA was detected, verifying that the hybridization was due to the insert DNA. Six of the plasmids hybridized intensely to the monkey DNA, indicating that the inserts contained repeated sequences. Two of the plasmids, 12-9 and 17-7 (Fig. 4D) , hybridized to the EcoRI-digested COS7 DNA in a ladder pattern characteristic of the a-satellite, a repeated sequence found in approximately 10,000 copies per haploid cell, both dispersed and in tandem arrays (5, 32) . That these inserts indeed contained a sequences was confirmed by their hybridization to an aspecific probe (data not shown).
A further two inserts, [12] [13] [14] [15] and 22-61, contain very highly repeated sequences which we expected might be members of the Alu repeat family (Fig. 4C) , present in approximately 300,000 copies per haploid genome (14) . This prediction was confirmed by the specific hybridization of these plasmids to the BLUR-8 Alu-containing probe (data not shown). Two plasmids, 10-15 and 22-1, hybridized to a repeat family present in a lower copy number (Fig. 4B and E) . They did not hybridize to the a or Alu probe, or to a probe specific for the Kpn family, a dispersed and heterogeneous repeat family present to the extent of approximately 4,000 to 50,000 copies in haploid primate genomes (11) . Therefore, plasmids 10-15 and 22-1 may represent previously uncharacterized repeat families. These repeat families are also present in the human genome, as indicated by hybridization of plasmids 10-15 and 22-1 to human DNA derived from the 293 cell line. However, hybridization to 293 DNA is much weaker than that to COS7 DNA (data not shown). The remaining plasmids, 9-25 and 22-29, do not hybridize to repeated sequences and presumably represent single or low-copy sequences derived from the COS7 genome ( Fig. 4A and F) .
DISCUSSION
We have conclusively demonstrated that DNA transfected into mammalian cells suffers an extraordinarily high mutation frequency. Although all cell lines tested show elevated mutation frequencies, there are differences between the species examined. The mutation frequency is in the neighborhood of 1% for a variety of simian and murine cell lines, but only about 0.1% for two human cell lines. When lacI is flanked by selected or screened sequences in the vector, the mutations are approximately equally divided between point mutations and rearrangements in the primate cells tested, whereas rearrangements predominate in the rodent cells.
Sequence analysis through genetic techniques shows that most of the mutations classified as point mutations are base substitutions, and these substitutions occur throughout the gene (J. H. Miller, J. S. Lebkowski, K. S. Greisen, and M. P. Calos, submitted for publication). Restriction analysis of a set of the deletions shows that the endpoints are randomly distributed throughout the gene (3) . The insertions also appear random with respect to their target site within kb 5.2 1.7-the gene and with respect to the host DNA inserted. Most (six of eight) of the inserts examined contain repeat sequences. This result is not unexpected given the sizes of the inserts characterized and the distribution of repeats in the genome. Furthermore, since the wide variety of vector constructions tested in this study all mutate in a similar way, it is unlikely that a specific sequence on the vector DNA is triggering mutagenesis.
Sampling the transfected DNA at different times after introduction into recipient cells establishes two points: first, mutations can only begin to be recovered after approximately 24 h. This is also the approximate time that the first DpnIresistant plasmids can be recovered from the cells, that is, the first plasmids replicated by the mammalian cell. This correspondence suggests that the mutations occur in the nucleus, soon after arrival there. Second, the frequency of 1mutants does not show a progressive rise over time, but rather varies randomly about a mean typical for the plasmid being examined. This result is in accord with the data of Razzaque et al. (29) which indicate a constant mutation frequency for a galK vector at 24, 48, 72, and 96 h after transfection. These findings fortify the conclusion that the mutations are introduced early, rather than continually, during replication.
Having confined the time of mutagenesis to the period soon after arrival of the vectors in the nucleus, the possibilities remained that either mutagenesis occurs during the early rounds of replication or alterations occur in the DNA independent of replication. Experiments with a vector lacking a viral origin of replication, and consequently unable to replicate in mammalian cells, demonstrate that all classes of mutation can be obtained without overall replication of the vector, though we cannot rule out the possibility that some mutations might also form after replication has begun. If the DNA is mutated in the nucleus, the lesions could be caused by attack by nuclear enzymes, or they could represent nuclear processing of damage preexisting in the DNA. Since most transfected DNA is degraded by the cell (17) When either of the 32P-labeled parental plasmids (pSVi2 and pJYMib) was used as a probe, no hybridization was detected. The hybridized filters were exposed to XAR-5 film for 12 h in the case of lanes C and D and 24 h in the case of lanes A, B, E, and F. the vector DNA into the nuclei of COS7 cells were undertaken to test this hypothesis. Preliminary results with pSVi4 and pJYMib indicate that, at least for rearrangements, microinjected DNA is mutated at a frequency similar to that observed for transfected DNA (M. R. Capecchi, J. S. Lebkowski, and M. P. Calos, unpublished data).
A variety of endonucleases and exonucleases reside in the mammalian nucleus (18, 19) . Abundant ligase activity has also been documented (6, 24, 38, 39) . If newly transfected DNA is subject to attack by these enzymes, deletions and insertions could readily be generated. As for point mutations, we know that most of them are single-base pair substitutions (Miller et al., submitted) . All available routes to base substitution seem to require polymerase action. Such a polymerase would have to be extensively error prone to account for the observed mutation frequency. We note that, when assayed in vitro, mammalian polymerases have no associated proofreading capacity and exhibit error rates that are compatible with the mutation frequencies we observe (20) . Similarly, high mutation frequencies also occur during the somatic generation of diversity in the immune system (34) . Further experiments are planned to elucidate the mechanism of formation of base substitutions in our system.
The mutagenesis we have detected in lacI appears to be representative of the fate of any transfected DNA. There exists extensive evidence that heterogeneous transfected DNAs efficiently become covalently joined by ligation (38, 40) . Furthermore, rearrangements are detectable in transfected DNA that has integrated into the chromosome (2, 2a, 36) . "Recombinations at non-homologous sequences," which we would describe as deletions, have been described in transfected vectors that can replicate (33, 39) . Rearrange-ments in viral DNA introduced as virions have long been studied as defective viruses. These structures, as extensively analyzed in SV40 (12, 15) , have the form of the rearrangements observed in transfected DNA and may arise in the same way. Point mutations would not readily have been detected in previous experiments. This important class of mutations has only come to light with shuttle vector systems. However, point mutations presumably affect all transfected DNA. This may be the explanation for the detection of an activated ras oncogene selected after transfection of NIH 3T3 cells with the wild-type c-ras version of the gene (30) . The rare activated transfectant was found to contain a ras gene which had acquired a G:C to A:T transition in the 12th codon. The likelihood that alterations are randomly introduced into transfected DNA at appreciable rates must obviously be considered in interpreting experiments involving transfection.
The extent to which the mammalian nucleus manipulates incoming DNA is impressive. What distinguishing feature does the newly transfected DNA possess which makes it liable to an extraordinary mutation frequency? We have not eliminated the argument that the procaryotic provenance of the DNA, evidenced for example in its pattern of methylation, marks it for attack. However, an obvious feature of the transfected DNA that sets it apart from the chromosomal DNA is that the incoming DNA enters the cell naked and free of chromatin. This uncomplexed state may be an excellent substrate for degradative enzymes and may mimic their intended targets, such as replication forks and recombination junctures. We do not know when the transfected DNA becomes complexed with chromosomal proteins. However, the demonstration that mutagenesis takes place early after arrival of the DNA in the nucleus may indicate that the mutations occur before a normal chromatin conformation is attained. High rates of recombination (6) and gene expression (7, 10) have also been reported for newly transfected DNA. All of these effects may be mediated by some "exposed" aspect of the incoming DNA. The reactivity of transfected DNA, as opposed to the relative inertness of chromosomal DNA, may reflect the absence of various nuclear proteins that would normally limit activity.
